In presynaptic nerve terminals, complexin regulates spontaneous "mini" neurotransmitter release and activates Ca 2+ -triggered synchronized neurotransmitter release. We studied the role of the C-terminal domain of mammalian complexin in these processes using singleparticle optical imaging and electrophysiology. The C-terminal domain is important for regulating spontaneous release in neuronal cultures and suppressing Ca 2+ -independent fusion in vitro, but it is not essential for evoked release in neuronal cultures and in vitro. This domain interacts with membranes in a curvature-dependent fashion similar to a previous study with worm complexin [Snead D, Wragg RT, Dittman JS, Eliezer D (2014) Membrane curvature sensing by the C-terminal domain of complexin. Nat Commun 5:4955]. The curvature-sensing value of the C-terminal domain is comparable to that of α-synuclein. Upon replacement of the C-terminal domain with membrane-localizing elements, preferential localization to the synaptic vesicle membrane, but not to the plasma membrane, results in suppression of spontaneous release in neurons. Membrane localization had no measurable effect on evoked postsynaptic currents of AMPA-type glutamate receptors, but mislocalization to the plasma membrane increases both the variability and the mean of the synchronous decay time constant of NMDA-type glutamate receptor evoked postsynaptic currents. 
In presynaptic nerve terminals, complexin regulates spontaneous "mini" neurotransmitter release and activates Ca 2+ -triggered synchronized neurotransmitter release. We studied the role of the C-terminal domain of mammalian complexin in these processes using singleparticle optical imaging and electrophysiology. The C-terminal domain is important for regulating spontaneous release in neuronal cultures and suppressing Ca 2+ -independent fusion in vitro, but it is not essential for evoked release in neuronal cultures and in vitro. This domain interacts with membranes in a curvature-dependent fashion similar to a previous study with worm complexin [Snead D, Wragg RT, Dittman JS, Eliezer D (2014) Membrane curvature sensing by the C-terminal domain of complexin. Nat Commun 5:4955]. The curvature-sensing value of the C-terminal domain is comparable to that of α-synuclein. Upon replacement of the C-terminal domain with membrane-localizing elements, preferential localization to the synaptic vesicle membrane, but not to the plasma membrane, results in suppression of spontaneous release in neurons. Membrane localization had no measurable effect on evoked postsynaptic currents of AMPA-type glutamate receptors, but mislocalization to the plasma membrane increases both the variability and the mean of the synchronous decay time constant of NMDA-type glutamate receptor evoked postsynaptic currents.
synaptic vesicle fusion | SNAREs | complexin | membrane fusion | neurotransmitter release M embrane fusion of synaptic vesicles is an essential process for neurotransmitter release in the nervous system (1-3). The central fusion machinery includes the SNARE (soluble NSFattachment protein receptor) fusion proteins synaptobrevin/ VAMP2 (vesicle-associated membrane protein), syntaxin-1, and SNAP-25 (4, 5) , and other synaptic proteins, including synaptotagmin, complexin, Munc13, and Munc18 (6) (7) (8) . Complexin is a small cytosolic protein that is evolutionarily conserved in mammals, Drosophila, and Caenorhaditis elegans, which cooperates with synaptotagmin to regulate synaptic vesicle exocytosis (9, 10) .
Here we briefly summarize results that are most relevant for this work and focus on the complexin-1 isoform (referred to as Cpx). Cpx can be divided into four domains with different functions (Fig.  1A ): flexible N-and C-terminal domains, an accessory domain, and a central α-helical domain (11) . The N-terminal domain (residues 1-27) of Cpx plays a role in activation of fast synchronous release in murine neurons (12) (13) (14) and in isolated chromaffin cells (15) . The C-terminal domain (amino acid residues 71-134) binds to phospholipids (16) (17) (18) , and it is important for synaptic vesicle priming in neurons (15, 16) . Cpx without the C-terminal domain does not suppress spontaneous release in neuronal cultures, but it still activates Ca 2+ -triggered release in neuronal cultures (16) and in a reconstituted system (19) . The C-terminal domain of worm complexin preferentially interacts with curved membranes via a membrane-binding motif (20, 21) . The accessory domain (amino acid residues 28-48) regulates spontaneous fusion in neurons and it suppresses Ca 2+ -independent fusion in reconstituted systems (12, 14, 19, (22) (23) (24) (25) (26) (27) . Although the accessory domain is required for regulating spontaneous release, mutations of this domain do not affect the activating function of Cpx compared with wild-type neurons in rescue experiments with Cpx knockdown (28, 29) , and it can be entirely eliminated while still maintaining the activating function of Cpx in a reconstituted system (30) . The α-helical central domain (amino acid residues 49-70) binds to the SNARE complex (31, 32) and is essential for all functions of Cpx in all species studied to date, including priming (16, 28, 29, 33) , inhibiting spontaneous fusion (12, 19, 24, 25, (34) (35) (36) , and activation of Ca 2+ -triggered fusion (12-14, 19, 34, 36-38) . Taking these data together, we find that Cpx is an important regulator for synaptic vesicle fusion: it promotes Ca 2+ -triggered synaptic vesicle fusion in conjunction with SNAREs and synaptotagmins, while suppressing or regulating spontaneous fusion in
Significance
The central nervous system utilizes Ca 2+ -triggered synaptic vesicle fusion mediated by SNAREs and other synaptic proteins for neurotransmitter release into the synaptic cleft. Complexin, a small cytosolic protein, plays a dual role in regulating spontaneous minirelease and in activating Ca 2+ -triggered fusion, but the molecular mechanisms are still unclear. Here we found that the C-terminal domain of mammalian complexin interacts with membranes in a curvature-dependent fashion similar to other curvature-sensing proteins, such as α-synuclein. Together with a previous study of worm complexin, this finding suggests that curvature-sensing of the C-terminal domain is evolutionarily conserved. Moreover, localization to the highly curved membrane of synaptic vesicles is important for regulating spontaneous release by complexin.
certain species or experimental conditions. Here we reinvestigate the role of the C-terminal domain of Cpx. Using single-molecule membrane-binding assays, we find that mammalian Cpx preferentially binds to highly curved membranes in agreement with previous studies with worm complexin (20) . Rescue studies of complexin-1/2 double knockdown (KD) in cultures of cortical neurons reveal that synaptic vesicle membrane localization behaves similarly to wild-type control, whereas preferential plasma membrane localization interferes with suppression of spontaneous release and increases both the variability and the mean of the fast time constant of N-methyl-D-aspartate receptor (NMDAR) -evoked postsynaptic currents (EPSCs). Taking these data together, we find that the C-terminal domain is expendable for the activation of Ca 2+ -triggered release, but proper membrane localization is important for regulation of spontaneous release.
Results
The C-Terminal Domain of Complexin Is Important for Suppressing Ca 2+ -Independent Fusion, but Not for Ca 2+ -Triggered Fusion in a Reconstituted System. To study the molecular mechanisms of Cpx, several reconstituted systems have been developed (19, (39) (40) (41) (42) . As we reported previously, the C-terminal domain is important for suppression of Ca 2+ -independent fusion in a single-vesicle content mixing assay with reconstituted full-length neuronal SNAREs, and synaptotagmin-1 (19, 43, 44) . Our fusion assay ( -triggered fusion events with the same sample and it distinguishes between docking and content mixing (19) . Briefly, two types of vesicles are reconstituted: vesicles with reconstituted syntaxin-1A and SNAP-25A that mimic the plasma membrane (referred to as PM vesicles) and vesicles with reconstituted synaptobrevin-2 and synaptotagmin-1 that mimic synaptic vesicles (referred to as SV vesicles). The PM vesicles are tethered on a passivated surface, SV vesicles are added and incubated in absence or presence of Cpx or Cpx fragments or Cpx mutants for a 1-min period, and then unbound SV vesicles are removed. Subsequently, Ca 2+ -independent fusion is monitored for a 1-min period, followed by injection of 500 μM Ca
2+
, and Ca 2+ -triggered fusion was monitored for an additional 1-min period (for more details, see Methods). Our system qualitatively reproduces the effects of synaptotagmin-1, Cpx, and their mutations, on both spontaneous release and evoked release that have been observed in cortical neuronal cultures (19, 45) .
Using the constructs and protein purification methods described in this work, Cpx wild-type (Cpx   WT   ) activates Ca   2+   -triggered fusion  and suppresses Ca   2+ -independent fusion in our fusion assay ( Fig. 1 C-F and Fig. S1 ), in agreement with previous work that used different syntaxin-1A and synaptobrevin-2 expression constructs (19) . We analyzed our fusion experiments by the counts of associated SV-PM vesicle pairs (Fig. 1C) , the average probability of Ca
-independent fusion per second in the absence of Ca 2+ ("Ca 2+ -independent fusion" in Fig. 1D ), the decay rate of the fusion histogram upon Ca 2+ injection ("Ca 2+ -triggered fusion synchronization" in Fig. 1E ), and the probability of Ca 2+ -triggered fusion during the first 1-s time bin upon Ca 2+ injection ("Ca 2+ -triggered fusion amplitude" in Fig. 1F ) (Methods). The fusion probabilities and amplitudes were normalized with respect to the corresponding number of analyzed SV-PM vesicle pairs (Table  S1 ). Thus, the normalized fusion probabilities and amplitudes provide information about fusion of associated SV-PM vesicles, independent of the number of associated SV-PM vesicle pairs.
The Cpx 4M mutant (Cpx
4M
, R48A, R59A, K69A, and Y70A), which impairs the interaction to ternary SNARE complex (38) , lost all Cpx effects on both Ca 2+ -independent and Ca 2+ -triggered fusion ( Fig. 1 C-F and Fig. S1 ). Elimination of the C-terminal domain reduced the ability of Cpx to suppress Ca 2+ -independent release ( Fig. 1D and Fig. S1 ), although there was no effect on Ca 2+ -triggered fusion ( Fig. 1 E and F) . Note that the effect of the Cpx 1-83 construct on fusion is similar to that of the slightly longer Cpx 1-86 construct that we previously used (19) , but unlike the Cpx 1-86 construct, it does not interfere with SV-PM vesicle association. Taking these data together, we find that the C-terminal domain is important for suppressing Ca 2+ -independent fusion, but not for activation of Ca 2+ -triggered fusion in our single-vesicle fusion assay. To test if the functional role of the Cpx C-terminal region is related to membrane localization in mouse dissociated cortical neuron cultures, we used lentiviral delivery of shRNAdependent KD of Cpx and complexin-2 to generate complexindeficient neurons and performed rescue experiments to test the function of membrane-localization chimeras (Methods). We stained neurons with antibodies to Cpx and to the vesicular glutamate transporter (vGlut1), along with fluorescently labeled secondary antibodies, to selectively visualize excitatory nerve terminals. Quantitation of immunofluorescence revealed that vGlut1-specifc fluorescence intensity was identical in all conditions ( Fig. 2 A and B) , indicating normal synapse formation. We measured the Cpx-specific fluorescence intensity at synaptic locations that had been labeled by vGlut1 (F synapse ) and at -independent fusion Ca 2+ -triggered fusion amplitude Fig. 1 . The C-terminal domain of Cpx is important for suppressing Ca 2+ -independent fusion, but not for Ca 2+ -triggered fusion. (A) Domain structure of complexin-1. (B) Schematic diagram of the single-vesicle content mixing assay (Methods). The bar graphs show the effects of 2 μM Cpx or Cpx fragments on the SV-PM vesicle association count during the first acquisition periods (Methods) (C), the average probability of Ca 2+ -independent fusion events per second (D), the decay rate (1/τ) of the histogram upon Ca 2+ injection (E), and the amplitude of the first 1-s time bin (probability of a fusion event in that bin) upon 500 μM Ca 2+ injection (F ). The fusion probabilities and amplitudes were normalized with respect to the corresponding number of analyzed SV-PM vesicle pairs (Methods). Individual histograms are shown in Fig. S1 . The dashed lines indicate the control without Cpx. C, D, and F show means ± SD for multiple independent repeat experiments (Table S1 ). E shows decay rates and error estimates computed from the covariance matrix upon fitting the corresponding histograms with a single exponential decay function using the Levenberg-Marquardt algorithm. **P < 0.01 using the Student's t test with respect to the control experiment without Cpx (dashed line).
locations that were randomly picked elsewhere that are not colocalized with vGlut1 locations (F non_synapse ). We calculated ΔF = F synapse -F non_synapse to determine the subcellular location of Cpx (Fig. 2C) . Although Cpx was present throughout neurons, there was a preference for synaptic localization ( Fig. 2 A and C fused to the C-terminal isoprenylation sequence (CAIM) that targets the plasma membrane (28) . Immunocytochemistry experiments, similar to above, were again performed in lentivirus-infected neurons (Fig. 2 E-G (Fig. 2 F and G) . Taken together, our results suggest that the C-terminal domain plays a role in preferential membrane localization of Cpx to synaptic vesicles.
Mislocalization of Cpx Impairs Both Spontaneous AMPA ReceptorMediated Miniature EPSCs and Affects Evoked NMDA ReceptorMediated EPSCs. We next examined if preferential membrane association of Cpx via its C-terminal domain is functionally required. We used the same KD/rescue strategy in mouse dissociated cortical neurons as described above and measured both AMPA-receptor (AMPAR)-dependent and NMDA-receptor (NMDAR)-dependent synaptic responses. As expected, KD of Cpx alone increased spontaneous (miniature) excitatory postsynaptic currents (mEPSCs) (12) . The increase in mEPSC frequency induced by Cpx KD was rescued by Cpx 1-86-CSPα returning to levels similar to wild-type control but only slightly by Cpx 1-86-CAIM (Fig. 3A) . The mEPSC amplitude and kinetic parameters were unchanged in all conditions, suggesting that these manipulations do not affect the postsynaptic AMPAR density, and that the effects on the mEPSC frequency are because of presynaptic processes. In measurements of action-potential-evoked release mediated by AMPA-type glutamate receptors (AMPARs), both Cpx 1-86-CSPα and Cpx 1-86-CAIM could rescue the Cpx KD impairment similarly to Cpx (Fig. 3B) . Thus, association of the C-terminal domain of Cpx with synaptic vesicle membranes is essential for suppressing spontaneous release, but it has no effect on AMPAR EPSCs. ). Neurons were treated as described for A. The scale bar in right lower corner applies to all images. (F) Summary graphs of vGlut1-specific fluorescence intensities for all conditions as described for E. (G) Summary graphs of ΔF (F synapse − F non_synapse ) of Cpx-specific fluorescence intensity for all conditions as described for E. Data shown in summary graphs are means ± SEM; numbers of cells/independent cultures analyzed are listed in the bars. Statistical assessments were performed by the Student's t test comparing each condition to the indicated control experiment (***P < 0.001).
Because both Cpx 1-86-CSPα and Cpx 1-86-CAIM could fully support AMPAR-mediated action-potential-evoked release, we next asked if these two chimeras have the same ability in kinetically accelerating release.
In neuronal cultures, recurrent network activity randomly contaminates AMPAR EPSC measurements, so it is difficult to quantitatively analyze the asynchronous portion of AMPAR EPSCs (16, 29) . Doing so may result in an overestimation of asynchronous neurotransmission. Therefore, we also measured and analyzed NMDAR-mediated EPSCs to avoid the network activity EPSCs (16, 29) . Although both Cpx 1-86-CSPα and Cpx 1-86-CAIM rescued NMDAR-mediated EPSC amplitude similarly to wild-type control (Fig. 3C ), the kinetics of NMDAR activation was slightly altered and exhibited more variability when expressing Cpx 1-86-CAIM . To quantify these differences in kinetics, NMDARmediated EPSCs were measured and fitted by a double-exponential function. Consistent with previous results (29) , no substantial kinetic difference was observed between Cpx KD and control. In contrast, Cpx 1-86-CAIM but not Cpx 1-86-CSPα increased both the variability and the mean of the fast time constant, τ fast ( Fig. 3C ) (time constants were normalized to the control). The slow time constant, τ slow , was unchanged in all conditions.
We next tested if the C-terminal domain of Cpx itself or its plasma membrane mislocalization produced the observed alterations in neurotransmitter release kinetics. We compared Cpx WT and Cpx 1-86 -expressed neurons with control neurons. Deletion of the C-terminal domain (Cpx 1-86 ) itself did not result in a difference in the kinetics of NMDAR mediated EPSCs compared with control or Cpx WT expressed neurons ( Fig. 3D ), suggesting that plasma membrane mislocation of Cpx is responsible for the effects on the fast time constant of NMDAR-mediated EPSCs, although the C-terminal domain itself is expendable for evoked release kinetics.
The C-Terminal Domain of Mammalian Cpx Is a Membrane Curvature
Sensor. The C-terminal domain of worm complexin binds more strongly to small (diameter ∼30 nm) than to large (diameter ∼120 nm) unilamellar liposomes based on observed line broadening of NMR spectra and induced circular dichroism helicity (20) . To test whether mammalian Cpx also has this curvature sensing ability, we first measured the binding constant (K d ) of labeled Cpx to different sizes of vesicles using a single-molecule binding assay. In this assay, 0.2% DiI (1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate)-labeled acidic liposomes of defined sizes were tethered on a polyethylene glycol (PEG)-coated surface through biotin-neutravidin coupling (Methods). Cpx was labeled with the organic dye Alexa 647 at residue 8 (Cpx-A647) and added in solution to the surface-tethered liposomes, and binding events were observed in real time (Fig. 4A ). Liposomebound Cpx-A647 was detected by colocalized fluorescence microscopy over a period of 120 s (Fig. 4B) . The bound and unbound dwell times (respectively, T bound and T unbound ) were plotted as histograms (Fig. S2 ). Using thousands of individual liposomes, K on and K off rates were determined by single exponential fit, and K d was calculated (Fig. 4C ). Cpx has a higher binding affinity to smaller liposomes than to larger ones, with this trend being similar at different Cpx concentrations (1 nM and 5 nM) (Fig. 4C) .
To corroborate this result with a different assay where binding is measured in solution, we incubated a mixture of different sizes of liposomes ranging from 30 nm to 400 nm with labeled protein for 30 min, tethered these liposomes onto a PEGylated surface, and then removed unbound protein by buffer exchange. The ratio between labeled protein and DiI-vesicle fluorescence intensities indicates the binding probability of the labeled protein to the membrane with different curvatures, as described in ref. 47 ( Fig. 4D ). As expected, the Cpx density is markedly higher for liposomes with lower fluorescence intensities, suggesting that Cpx preferentially binds to smaller liposomes (Fig. 4D) . As a control, the lipid binding protein BSA (48) labeled with Alexa 647 (BSA-A467) and the C-terminally truncated fragment, Cpx , had no preference for liposome size (Fig. 4D) . We calculated the membrane curvature "sensing" value of Cpx by plotting Cpx density versus intensity on a double-logarithmic scale and fit to a linear function (Fig. 4E) , resulting in ∼1.71, a number that is similar to that of α-synuclein (∼1.4) (47). In summary, our binding assays suggest that the C-terminal domain of mammalian Cpx is a curvature sensor that preferentially localizes Cpx to highly curved membranes.
Effect of Preincubation of PM Vesicles with Cpx. In a previous singlevesicle lipid-mixing assay, full-length wild-type Cpx reduced vesicle association (albeit in the absence of full-length synaptotagin-1) (42), in contrast to our results (Fig. 1) . However, in this previous study, v-SNARE vesicles (i.e., containing reconstituted synaptobrevin-2 without synaptotagmin-1) were tethered on an imaging surface, whereas t-SNARE vesicles (containing reconstituted syntaxin-1A and SNAP-25A) were premixed in solution with Cpx and then added to the surface with tethered v-SNARE vesicles. In contrast, in our assay, SV vesicles are mixed with Cpx in solution and then added to surface-tethered PM vesicles that contain t-SNAREs. Thus, the different sequence of addition of Cpx to the different vesicles may cause the difference in vesicle association probability in the two assays. Indeed, when preincubating surface tethered PM vesicles with Cpx ( Fig. 5A ), SV-PM vesicle association was substantially reduced, whereas Ca 2+ -triggered fusion parameters were not significantly affected and there was only a small difference in Ca 2+ -independent fusion probability ( Fig. 5B ) with or without PM vesicle preincubation. As mentioned above, the amplitudes and probabilities were normalized with respect to the corresponding number of analyzed SV-PM vesicle pairs. We also tested the effect of preincubating the PM vesicles at two different Cpx concentrations and found no significant difference in the effects of Cpx on Ca 2+ -independent and Ca 2+ -triggered fusion with or without preincubation (Fig. 5C ). We note that this result is in contrast to a recently published study (49) , for unknown reasons.
Discussion
Cpx and its homologs have at least two physiological functions: activation of Ca 2+ -triggered synchronous neurotransmitter release by cooperating with synaptotagmin, and regulation of spontaneous release in the presynaptic terminal (9, 10, 50) . The activating function of complexin is conserved across all species (mammals, Drosophila, and C. elegans) and different types of Ca 2+ -triggered synaptic vesicle fusion studied to date (7, 12, 16, 28, (34) (35) (36) (37) (51) (52) (53) . Regulation of spontaneous release by complexin is less conserved among species and varies depending on experimental conditions: for example, in Drosophila spontaneous release increases with knockout of complexin (14, 54) . Similarly, knockdown in cultured cortical neurons increases spontaneous release, although knockout of complexin in mice only affects spontaneous release depending on the particular neuronal cell type (12, 16, 27, 28) . A split pair of N-terminal and central domain fragments of Cpx is sufficient to activate Ca 2+ -triggered release using our reconstituted single-vesicle fusion assay, suggesting that the N-terminal domain acts as an independent module within the synaptic fusion machinery (30) . Moreover, the Cpx accessory domain can be entirely eliminated, and the resulting split pair of Cpx constructs still activates Ca 2+ -triggered fusion (i.e., a clamping process is not required for activation) (30) . Cpx has two conformations when bound to the ternary SNARE complex (55, 56) , one of which induces a conformational change at the membrane-proximal C-terminal end of the ternary SNARE complex that specifically depends on the N-terminal, accessory, and central domains of Cpx (56).
We studied the role of the C-terminal domain of Cpx using a combination of single-molecule membrane binding assays, single-vesicle fusion assays, and electrophysiological experiments in cortical neuronal cultures. Previous work showed that the C-terminal domain of worm complexin preferentially binds to small unilamellar liposomes (20) . We extended these studies by showing that mammalian Cpx also has a strong preference for binding to highly curved membranes via the C-terminal domain (Fig. 4) , suggesting that the curvature-sensing ability of complexins is an evolutionary conserved feature. Moreover, we showed that it has as curvature sensing value comparable to that of α-synuclein (47), which has been shown to localize to synaptic vesicles (57, 58) .
Because there is a large difference of curvature between the plasma membrane and synaptic vesicle membrane, it is likely that the membrane curvature-sensing ability of the C-terminal domain specifically localizes Cpx to synaptic vesicles. Indeed, our studies in neuronal cultures with membrane-localizing chimeras of Cpx support this notion (Figs. 2 and 3 ). Taken together, our results suggest that the C-terminal domain of Cpx functions by preferentially localizing Cpx to synaptic vesicle membranes. Such localization may be important for the role of Cpx to suppress Ca 2+ -independent fusion in vitro ( Fig. 1) and to regulate spontaneous release in neurons (Fig. 3) , although Ca 2+ -independent release is still slightly suppressed in vitro when the C-terminal domain is eliminated ( Fig. 1 and Fig. S1 ). Moreover, when the C-terminal domain is replaced with a plasma membrane binding element, it increases both the variability and the mean of the fast-decay time constant of NMDAR-mediated EPSCs (Fig. 3) . Thus, active mislocalization of Cpx has a mild effect on NMDAR-mediated evoked release, but elimination of the entire C-terminal domain does not affect evoked release at all (Figs. 1  and 3 ). Finally, suppression of Ca 2+ -independent fusion requires a higher Cpx concentration than activation of Ca 2+ -triggered fusion in our vesicle fusion system (19) . Taken together we speculate that the Cpx C-terminal domain functions by increasing the local concentration at sites of docked and primed synaptic vesicles, thereby effectively increasing the effect of Cpx on spontaneous release, whereas the effect on activation of Ca 2+ -triggered fusion already occurs at lower Cpx concentration.
Methods
Protein Purification. Synaptobrevin-2 and syntaxin-1A. Full-length, cysteine-free rat synaptobrevin-2 (VAMP2) and rat syntaxin-1A were expressed separately in Escherichia coli with a N-terminal, tobacco etch virus (TEV) protease-cleavable, hexa-histidine tag from plasmid pTEV5 (59) . Proteins were expressed overnight at 25°C in autoinducing media (60) ). The decay times were normalized to control. Recordings were performed in 20 μM CNQX and 100 μM picrotoxin. Data shown in summary graphs are means ± SEM; numbers of cells/independent cultures analyzed are listed in the bars. Statistical assessments were performed by the Student's t test comparing each condition to the indicated control experiment (*P < 0.05, **P < 0.01).
2.7 mM potassium chloride, 137 mM sodium chloride, pH 8.0), 5 mM EDTA, and 1 mM PMSF supplemented with Complete Protease Inhibitor Mixture tablets (Roche), and lysed by three passes through an Emulsiflex C5 homogenizer at 15,000 psi. Inclusion bodies were removed by two consecutive 10-min spins at 5,000 × g in a JA-14 (Beckman Coulter) rotor, and the membrane fraction collected by centrifugation at 125,000 × g for 2 h in a Ti-45 (Beckman Coulter) rotor. Membranes were further washed by homogenization in 360 mL of buffer containing 10 mM Tris H 2 SO 4 , pH 7.5, 10 mM EDTA, 10% (wt/vol) glycerol; membranes were harvested again by centrifugation in a Ti-45 rotor at 125,000 × g for 1 h. The membrane pellet was resuspended in 20 mM Hepes, pH 7.5, 1 mM Tris(2-carboxyethyl)phosphine (TCEP), and 10% (wt/vol) glycerol, and centrifuged for an additional hour in the same rotor. Membranes were suspended to a protein concentration of 5 mg/mL in buffer containing 20 mM Hepes, pH 7.5, 500 mM NaCl, 1 mM TCEP, 10 mM imidazole, and 10% (wt/vol) glycerol, 1 mM PMSF supplemented with 2 EDTA-free Complete Protease Inhibitor Tablets. n-Dodecylmaltoside (DDM) [2% (wt/vol)] (Anatrace) was added, and after incubation at 4°C for 1 h with stirring, the sample was centrifuged for 35 min at 125,000 × g in a Ti-45 (Beckman Coulter) rotor, and the supernatant loaded onto a 1-mL column of Nickel-NTA agarose (Qiagen). Beads were harvested by centrifugation and poured into a column, attached to an AKTA Prime and washed with 50 mL of buffer containing 20 mM Hepes, pH 7.5, 300 mM NaCl, 1 mM TCEP, 20 mM imidazole, 110 mM n-octylglucoside (OG), and 10% (wt/vol) glycerol, and the proteins were eluted in the same buffer containing 450 mM imidazole and 1 M NaCl. The protein-containing fractions were combined and injected on a Superdex 200 HR 10/300 GL (GE Healthcare) that was equilibrated with 20 mM Hepes, pH 7.5, 300 mM NaCl, 1 mM TCEP, 110 mM OG, and 10% (wt/vol) glycerol. The peak fractions of concentration greater than 40 μM for syntaxin-1A and 80 μM for synaptobrevin-2 were then combined, and digested with 100 μg TEV protease for 45 min at ambient temperature, after which the reaction was complete and the TEV protease had precipitated. TEV was removed by centrifugation at 5,000 rpm for 10 min in an Eppendorf model 5804 R tabletop centrifuge (Eppendorf). The concentration was measured by UV absorption at 280 nm and aliquots were flash frozen in liquid nitrogen and stored at −80°C. Note that in a previous study we used GST expression constructs for syntaxin-1A and synaptobrevin-2 (19) . Comparison of Fig. 1 with our previous study shows that both sets of expression constructs produce identical results. SNAP-25. Cysteine-free SNAP-25A (C84S, C85S, C90S, and C92S) was expressed from plasmid pTEV5 (59) with an N-terminal TEV protease cleavable hexahistidine tag. The proteins were expressed overnight at 25°C in autoinducing media (60) in E. coli strain BL21 (DE3). Cells from 4 L of culture were resuspended in 200 mL of 50 mM sodium phosphate, pH 8.0, 300 mM NaCl, and 20 mM imidazole supplemented with 1 mM PMSF and 4 EDTA-free protease-inhibitor mixture tablets. Cells were lysed by three passes through the Emulsiflex C5 homogenizer (Avestin) at 15,000 psi. The lysate was clarified by centrifugation in the Ti-45 rotor for 1.5 h at 125,000 × g. The supernatant was bound to a 5-mL Nickel-NTA column by stirring at 4°C for 1 h. Beads with bound SNAP-25 were harvested by centrifugation, poured into a column, and attached to an AKTA Prime (GE Healthcare). The column was washed with 150 mL of SNAP-25 buffer containing 50 mM sodium phosphate, pH 8.0, 300 mM NaCl supplemented with 50 mM imidazole and eluted with buffer containing 50 mM sodium phosphate, pH 8.0 and 300 mM NaCl supplemented with 350 mM imidazole. The protein-containing fractions were combined, dithiothreitol (DTT) was added to 5 mM, 1 mM EDTA was added, and 150 μg of TEV protease was added to remove the hexahistidine tag. This mixture was dialyzed against buffer containing 20 mM Hepes, pH 7.5, 100 mM NaCl, and 4 mM DTT overnight at 4°C. The TEVcleaved SNAP-25 was concentrated in a 15-mL Amicon ultracentrifugal concentrator with a 10,000 molecular-weight cut-off membrane (Millipore) to 5 mL and injected on the Superdex 200 (16/60) column (GE Healthcare) equilibrated with buffer containing 20 mM Hepes, pH 7.5, 100 mM NaCl, and 4 mM DTT. Protein-containing fractions were combined and the concentration of SNAP-25 was measured by absorbance at 280 nm, and aliquots were flash frozen in liquid nitrogen and stored at −80°C. Synaptotagmin. Full-length rat synaptotagmin-1 was expressed from plasmid pJ414 (DNA 2.0) with a C-terminal deca-histadine tag preceded by a PreScission protease cleavage site to remove the tag, and all cysteines were changed to alanine except the cysteine residue at position 277. Synaptotagmin-1 was expressed in E. coli BL21 (DE3) by growing the cells to OD 600 between 0.6 and 0.8 at 37°C then induced at 20°C for 12-16 h with 0.5 mM isfopropyl-β-Dthiogalactopyranoside (IPTG). The cells from 6 L of induced culture were harvested and suspended in 200 mL of buffer containing 50 mM sodium phosphate, pH 7.4, 600 mM NaCl, 2 mM DTT, and 10% (wt/vol) glycerol supplemented with PMSF to 1 mM, and two EDTA free complete protease inhibitor mixture tablets. Cells were lysed by three passes through the Emulsiflex C5 homogenizer (Avestin) at 15,000 psi. Cell debris and inclusion bodies were removed by centrifugation at 5,000 × g in a Beckman JA-20 rotor (Beckman Coulter) for 10 min. The supernatant was then centrifuged at 5,000 × g for 10 min in the same rotor. Membranes were collected by centrifugation at 125,000 × g in a Beckman Ti-45 rotor for 1 h. Membranes were washed by homogenization in 100 mL buffer containing 50 mM sodium phosphate, pH 7.4, 600 mM NaCl, 5 mM DTT, 1 mM PMSF, and 10% (wt/vol) glycerol supplemented with two EDTA-free complete protease-inhibitor mixture tablets (Roche). Membranes were harvested again by centrifugation in a Ti-45 rotor at 125,000 × g for 1 h. The pellet was suspended in 100 mL buffer containing 50 mM sodium phosphate, pH 7.4, 600 mM NaCl, 5 mM DTT, 1 mM PMSF, 10% (wt/vol) glycerol supplemented with 2 EDTA-free complete protease-inhibitor mixture tablets and frozen in two 50-mL aliquots in liquid nitrogen. One aliquot of membranes was solubilized in the presence of 1.5% (wt/vol) DDM for 1 h at 4°C. The extract was clarified by centrifugation in a Ti-45 rotor at 125,000 × g for 35 min. The supernatant was bound to a 4-mL bed volume of Nickel-NTA beads (Qiagen) equilibrated in buffer containing 50 mM sodium phosphate, pH 7.4, 600 mM NaCl, 2 mM DTT, 10% (wt/vol) glycerol, and 1.5% DDM by stirring at 4°C for 1 h. Beads were harvested by centrifugation and poured into a column, attached to an AKTA Prime (GE Healthcare), and washed with 50 mL of buffer containing 50 mM sodium phosphate, pH 7.4, 600 mM NaCl, 2 mM DTT, 10% (wt/vol) glycerol, and 110 mM OG, and then eluted with the same buffer containing 500 mM imidazole. Protein-containing fractions were combined and injected on a Superdex 200 (16/60) column equilibrated in 20 mM sodium phosphate, pH 7.4, 300 mM NaCl, 2 mM DTT, 110 mM OG, and 10% (wt/vol) glycerol. Peak fractions were then combined and 100 μg of PreScission protease (GE Healthcare) was added to cleave the tag overnight at 4°C. Cleaved synaptotagmin-1 was diluted with 20 mM sodium phosphate, pH 7.4, 100 mM NaCl, 2 mM DTT, 110 mM OG, 20 μM EGTA, and 10% (wt/vol) glycerol to bring the NaCl to 100 mM then injected on a MonoS 5/50 column (GE Healthcare), washed with the same buffer, and then eluted with buffer containing 20 mM sodium phosphate, pH 7.4, 600 mM NaCl, 2 mM DTT, 110 mM OG, 20 μM EGTA, and 10% (wt/vol) glycerol. Protein-containing fractions were dialyzed against 20 mM sodium phosphate, pH 7.4, 300 mM NaCl, 2 mM DTT, 110 mM OG, and 10% (wt/vol) glycerol to lower the salt concentration. The protein concentration was measured by UV absorption at 280 nm and aliquots were flash-frozen in liquid nitrogen and stored at −80°C. Cpx, Cpx A8C, and the 4M mutant of Cpx. Full-length wild-type Cpx, Cpx A8C, and the 4M mutant of complexin-1 (R48A, R59A, K69A, Y70A, C105A) were expressed separately in E. coli using BL21 (DE3) cells with a thrombincleavable N-terminal hexa-histidine tag from plasmid pET28a (Novagen, EMD Chemicals). Cells were grown in Luria Broth to an OD 600 between 0.6 and 0.8 and protein expression was induced by the addition of IPTG to 0.5 mM for 12-16 h at 20°C. Cells were harvested by centrifugation and resuspended in 20 mM Hepes, pH 7.5, 500 mM NaCl, 2 mM DTT (except 0.5 mM TCEP for Cpx A8C), and 10 mM imidazole supplemented with 1 mM PMSF and EDTA-free complete protease inhibitor mixture tablets. Cells were lysed by passing them through the Emulsiflex C5 homogenizer (Avestin) at 15,000 psi three times. The lysate was clarified by centrifugation in a Ti-45 rotor for 35 min at 125,000 × g. Supernatant was bound to a 4-mL bed volume of Nickel-NTA beads in batch, stirring for 1 h at 4°C. The beads were harvested by centrifugation and poured into a column, attached to an ATKA The bar graphs show the SV-PM vesicle association count during the first acquisition periods, the average probability of Ca 2+ -independent fusion events per second, the decay rate (1/τ) of the histogram upon 500 μM Ca 2+ injection, and the amplitude of the first 1-s time bin (probability of a fusion event in that bin) upon Ca 2+ injection. The fusion probabilities and amplitudes were normalized with respect to the corresponding number of analyzed SV-PM vesicle pairs (Methods). Individual histograms are in Fig. S1 . (C) The bar graphs show the effect of preincubating with PM vesicles with Cpx at specified concentrations. The vesicle association, Ca 2+ -independent fusion, and Ca 2+ -triggered amplitude bar charts show means ± SD for multiple independent repeat experiments ( Table S1 ). The Ca
2+
-triggered fusion synchronization panels show decay rates and error estimates computed from the covariance matrix upon fitting the corresponding histograms with a single exponential decay function using the Levenberg-Marquardt algorithm. Statistical assessments were performed by the Student's t test (**P < 0.01).
Prime (GE Healthcare), and washed with 60 mL of buffer containing 20 mM Hepes, pH 7.5, 500 mM NaCl, 2 mM DTT (except 0.5 mM TCEP for Cpx A8C), 10 mM imidazole, and the same buffer containing 25 mM imidazole and then eluted with the same buffer containing 450 mM imidazole. Proteincontaining fractions were combined and 100 units of thrombin (Haematologic Technologies) were added. The sample was then dialyzed against 500 mL of 20 mM Hepes, pH 7.5, 50 mM NaCl, and 4 mM DTT (except 0.5 mM TCEP for Cpx A8C) (Cpx buffer B) overnight at 4°C. PMSF was added to 1 mM to quench the thrombin activity and the mixture was injected on to a MonoQ 5/50 column equilibrated with Cpx buffer B. The column was washed with 20 column volumes of Cpx buffer B and the protein eluted with a linear NaCl gradient in Cpx buffer B from 50 mM to 500 mM NaCl over 30 column volumes. The protein-containing fractions were combined and dialyzed against 20 mM Hepes, pH 7.5, 100 mM NaCl, 4 mM DTT (0.5 mM TCEP for the A8C mutant) overnight at 4°C and then concentrated using a 3,000 molecular-weight cut-off dialysis cassette (Millipore). The protein concentration was measured by absorbance at 280 nm, and aliquots were frozen in liquid nitrogen and stored at −80°C. C-terminally truncated Cpx. Cpx and Cpx 1-83 E25C were expressed in E. coli as an N-terminal hexa-histidine fusion construct followed by a thrombin cleavage site (pET28a) in BL21 (DE3) cells (Novagen, EMD Chemicals). Cells were autoinduced overnight at 30°C (60) . Induced cells from 4 L of culture were harvested and resuspended in 200 mL of 20 mM Hepes pH7.5, 500 mM NaCl, 2 mM DTT, 10 mM imidazole, 6 EDTA free protease inhibitor tablets (Roche), and 1 mM PMSF. Cells were lysed by passing them three times through the Emulsiflex C5 homogenizer (Avestin) at 15,000 psi and the lysate was clarified by centrifugation in the Ti-45 rotor at 125,000 × g for 35 min. The lysate was bound to 5 mL of Ni NTA agarose (Qiagen) by stirring for 1 h at 4°C. Beads were harvested by centrifugation and washed with 10-column volumes of 20 mM Hepes pH 7.5, 500 mM NaCl, 2 mM DTT (except 0.5 mM TCEP for Cpx 1-83 E25C), 25 mM imidazole, and eluted with 20 mM Hepes pH 7.5, 500 mM NaCl, 2 mM DTT, 450 mM imidazole. Protein-containing fractions were combined, 100 units of thrombin (Haematologic Technologies) was added and the mixture was dialyzed against 500 mL of 20 mM Tris pH 8.0, 50 mM NaCl, 2 mM DTT (except 0.5 mM TCEP for Cpx E25C) overnight at 4°C. PMSF was added to 1 mM to inactivate the thrombin and the mixture was injected on a monoQ 5/50 column (GE Healthcare) equilibrated in 20 mM Tris pH 8.0, 50 mM NaCl, 2 mM DTT; DTT was substituted by 0.5 mM TCEP for Cpx 1-83 E25C. A peak in the flow through was observed and the bound protein was eluted in a linear gradient from 50 mM to 500 mM NaCl. All protein-containing fractions were analyzed by SDS/PAGE gel electrophoresis. Flow-through fractions containing pure Cpx were combined, the protein concentration was measured by absorbance at 280 nm, and aliquots were flash-frozen in liquid nitrogen and stored at −80°C.
Fluorescent Dye Labeling for Membrane Binding Studies. Purified Cpx A8C, Cpx 1-83 E25C, and commercial BSA were labeled with Alexa 647-maleimide in the presence of 5 mM TCEP overnight, following the protocol described in ref. 62 . The labeling efficiency was assessed by absorbance spectroscopy: it was ∼40% for both the Cpx A8C and Cpx 1-83 E25C.
Single Vesicle Fusion Experiments. Preparation of PM and SV vesicles. For the single-vesicle fusion experiments (Figs. 1 and 5 and Fig. S1 ) we used the same membrane compositions and protein densities as previously described (19, 44) . SV vesicles were reconstituted with both synaptotagmin-1 and synaptobrevin-2, whereas PM vesicles were reconstituted with syntaxin-1A and SNAP-25A. For SV vesicles the lipid composition was phosphatidylcholine (PC) (48%), phosphatidylethanolamine (PE) (20%), phosphatidylserine (PS) (12%), and cholesterol (20%). For PM vesicles the lipid composition was Brain Total Lipid Extract (Avanti Polar Lipids) supplemented 3.5 mol% PIP 2 , and 0.1 mol% biotinylated PE. Quantitative 31 P NMR analysis by Avanti Polar Lipids of two different stocks of Brain Lipid Extract revealed the following average composition of the major components: PC (17%), PE (8%), plasmalogen PE (14%), PS (8%), and sphingomyelin (5%). Among the remaining 48% of other components of Brain Total Lipid Extract is at least 20% cholesterol (63) , so at variance with the previously published protocol (44), cholesterol was not additionally supplemented. Dried lipid films were dissolved in 110 mM OG buffer containing purified proteins at protein-to-lipid ratios of 1:200 for synaptobrevin-2 and syntaxin-1A, and 1:800 for synaptotagmin-1.
A three-to fivefold excess of SNAP-25 (with respect to syntaxin-1A) and 3.5 mol% PIP 2 were added to the protein-lipid mixture for PM vesicles only. Detergent-free buffer (20 mM Hepes, pH 7.4, 90 mM NaCl, and 0.1% 2-mercaptoethanol) was added to the protein-lipid mixture until the detergent concentration was at (but not lower than) the critical micelle concentration of 24.4 mM (i.e., vesicles did not yet form) . For the preparation of SV vesicles, 50 mM sulforhodamine B (Invitrogen) was added to the proteinlipid mixture. The vesicles subsequently formed during size-exclusion chromatography using a Sepharose CL-4B column, packed under near constant pressure by gravity with a peristaltic pump (GE Healthcare) in a 5.5-mL column with a 5-mL bed volume, that was equilibrated with buffer V (20 mM Hepes, pH 7.4, 90 mM NaCl) supplemented with 20 μM EGTA and 0.1% 2-mercaptoethanol.. The eluent was subjected to dialysis into 2 L of detergent-free buffer V supplemented with supplemented with 20 μM EGTA, 0.1% 2-mercaptoethanol, 5 g of Bio-beads SM2, and 0.8 g/L Chelex 100 resin. After 4 h, the buffer was exchanged with 2 L of fresh buffer V containing 20 μM EGTA, 0.1% 2-mercaptoethanol and Bio-beads, and the dialysis continued for another 12 h (overnight). We note that for SV vesicles, the chromatography equilibration and elution buffers did not contain sulforhodamine, so the effective sulforhodamine concentration inside SV vesicles is considerably (up to 10-fold) lower than 50 mM.
As described previously (43), the presence and purity of reconstituted proteins was confirmed by SDS/PAGE of the vesicle preparations, and the directionality of the membrane proteins (facing outward) was assessed by chymotrypsin digestion followed by SDS/PAGE. The size distributions of the SV and PM vesicles were analyzed by cryo-EM, as described previously (39) . Single-vesicle content-mixing assay. We used the same assay as previously described (19) . SV vesicles were labeled with a soluble fluorescent content dye at a moderately self-quenching concentration; for simplicity in this work, we did not include a lipid-dye because we were exclusively interested in the exchange of content, the correlation for neurotransmitter release. The surface of the quartz slides was passivated by coating the surface with PEG molecules, which alleviated nonspecific binding of vesicles. The same protocol and quality controls (surface coverage and nonspecific binding) were used as described previously (39, 44) , except that PEG-SVA (Laysan Bio) instead of mPEG-SCM (Laysan Bio) was used because it has a longer half-life. The surface was functionalized by inclusion of biotin-PEG (Laysan Bio) during pegylation. A quartz slide was assembled into a flow chamber and incubated with neutravidin (0.1 mg/mL). Biotinylated PM vesicles (diluted 100 times) were tethered by incubation at ambient temperature (25°C) for 30 min, followed by three rounds of washing with 120 μL buffer V, to remove unbound PM vesicles; each buffer wash effectively replaces the (3 μL) flowchamber volume more than 100 times. Upon the start of illumination and recording of the fluorescence from a particular field of view of the flow chamber, SV vesicles (diluted 100-1,000 times, depending on the acquisition round, see below) were loaded into the flow chamber and association of SV vesicles with PM vesicles was monitored for 1 min. Cpx, Cpx fragments, or Cpx mutants were added concurrently together with the SV vesicles at 2-μM concentration. While continuing the recording, the flow chamber was washed three times (120 μL of buffer V and including the Cpx, Cpx fragments, or Cpx mutant at 2 μM concentration) to remove unbound SV vesicles. Subsequently, we continued recording for 1 min to monitor Ca 2+ -independent fusion events. Thus, in contrast to a previous version of this assay, where SV vesicles where incubated with tethered PM vesicles for at least 30 min (43), monitoring of fusion events was started right after the 1-min SV-PM vesicle association period and buffer washes. Subsequently, Ca 2+ -solution was injected into the flow chamber consisting of 500 μM Ca 2+ , 500 nM Cy5 dye molecules (used as an indicator for the arrival of Ca 2+ in the evanescent field), and Cpx, Cpx fragments, or Cpx mutant at 2-μM concentration in buffer V. Ca 2+ -triggered fusion events were monitored within the same field-of-view upon injection for a 1-min period. The injection was performed at a speed of 66 μL/s by a motorized syringe pump (Harvard Apparatus) using a withdrawal method similar to the one described previously (19, 39) . All experiments were carried out at ambient temperature (25°C). Multiple acquisition rounds and repeats for the single-vesicle fusion experiments. To increase the throughput of the assay and make better use of the vesicle samples, after intensive washing (3 × 120 μL) with buffer V (which includes 20 μM EGTA to remove Ca 2+ from the sample chamber), we repeated the entire acquisition sequence (SV vesicle loading, counting the number of associated SV-PM vesicles, monitoring of Ca 2+ -independent fusion, Ca 2+ injection, and monitoring of Ca 2+ -triggered fusion) in a different imaging area within the same flow chamber. Five such acquisition rounds were performed with the same sample chamber. SV vesicles were diluted 1,000× for the first and second acquisition rounds, 200× for the third and fourth acquisition rounds, and 100× for the fifth acquisition round to offset the slightly increasing saturation of the surface with SV vesicles. The entire experiment (each with five acquisition rounds) was then repeated n times (Table S1 ), using different flow chambers (referred to as the "repeat experiment"). Among the specified number of repeats, there are at least three different protein preparatons and vesicle reconstitutions, so the variations observed in the bar charts reflect sample variations as well as variations among different flow chambers. Instrument set-up for the single-vesicle fusion experiments. All experiments were performed on a prism-type total internal reflection fluorescence (TIRF) microscope using 532 nm (green) laser (CrystaLaser) excitation. Two observation channels were created by a 640-nm single-edge dichroic beamsplitter (FF640-FDi01-25X36, Shemrock): one channel was used for the fluorescence-emission intensity of the content dyes and the other one for that of the Cy5 dyes that are part of the injected Ca 2+ -solution. The two channels were recorded on two adjacent rectangular areas (45 × 90 μm 2 ) of a charge-coupled device (CCD) camera (iXon+ DV 897E, Andor Technology). The imaging data were recorded with the smCamera software developed by Taekjip Ha, The Johns Hopkins University, Baltimore, MD. Our procedure resulted in a time series of images over a total of 3 min, consisting of the subsequent 1-min periods of vesicle association, Ca 2+ -independent, and Ca 2+ -triggered fusion, plus 5-s intervals for buffer exchanges. The arrival time of Ca 2+ was determined by monitoring of the Cy5 channel. Data analysis of the single-vesicle fusion experiments. We detected content dye fluorescent spots in a particular imaging area with the smCamera program obtained from Taekjip Ha, The Johns Hopkins University, Baltimore, MD. The appearance of a content dye fluorescence spot corresponds to an association of a SV vesicle to a surface-tethered PM vesicle. However, only those spots were subsequently analyzed and counted that showed exactly one stepwise increase of the fluorescence intensity during the SV-PM vesicle association period of 1 min that precedes the subsequent fusion periods. Thus, this procedure excludes SV vesicles that underwent Ca 2+ -independent fusion during the vesicle-association period because fusion leads to a second stepwise fluorescence intensity increase. Moreover, for data-acquisition rounds within the same sample chamber, this procedure excludes SV vesicles that were already associated during a previous acquisition round. Stepwise increases in the fluorescence-intensity time traces were automatically detected by the computer program described in ref. 64 , and manually checked to ensure correct performance of the automated procedure. Collectively, we refer this selected set of content dye fluorescent spots as the "analyzed SV-PM vesicle pairs."
In the subsequent Ca
-independent and Ca
-triggered fusion periods of 1 min each, a second stepwise increase in content dye fluorescence intensity was counted as a Ca 2+ -independent and Ca 2+ -triggered fusion event, respectively. Histograms for Ca 2+ -independent and Ca 2+ -triggered fusion event occurrence were then generated with a time bin of 1 s, Ca 2+ -triggered fusion histograms were synchronized by the appearance of fluorescence intensity of the Cy5 dye molecules that are part of the injected Ca 2+ -solution. Histograms were cumulated over all acquisition rounds and repeat experiments. The cumulated histograms were subsequently normalized by dividing the histograms by the total number of analyzed SV-PM vesicle pairs for a particular condition (i.e., the sum of the number of analyzed SV-PM vesicle pairs for all acquisition rounds and repeat experiments for a particular condition) (Fig. S1 and Table S1 ).
In the bar charts in Figs. 1 and 5 , the vesicle association count refers to the number of associated SV-PM vesicle pairs only during the first acquisition round, averaged over for all repeat experiments for a particular condition. We only used the first acquisition round for the vesicle association count because in subsequent rounds, the imaging surface becomes progressively saturated so a small number of vesicle-association events may be missed in these subsequent rounds. The average probability of Ca 2+ -independent fusion events per second is calculated by dividing the overall Ca 2+ -independent fusion probability of the cumulated and normalized histogram during the 1-min observation period by 60. The amplitude is the probability of Ca 2+ -triggered fusion in the cumulated and normalized histogram during the first time bin (1 s) upon Ca 2+ injection. The error bars for the probabilities and amplitudes were calculated as SDs for the n repeat experiments (Table S1 ) by using individually cumulated (but globally normalized) histograms for all rounds of a particular repeat experiment. The histograms of the Ca 2+ -triggered fusion probability (Fig.  S1 ) were fit to a single exponential decay function using the LevenbergMarquardt algorithm. The degree of synchronization was described by the decay rate and error bars for the decay rate were obtained from the covariance matrix of the fit.
Single-Molecule Protein-Liposome Binding Assays. For the single-molecule protein-vesicle binding assays (Fig. 4 and Fig. S2 ) a mixture of POPC (1-palmitoyl-2-dioleoyl-sn-glycero-3-phosphatidylcholine), DOPS (1,2-dioleoyl-snglycero-3-phosphatidylserine), cholesterol, POPE (1-palmitoyl-2-oleoyl-snglycero-3-phosphoethanolamine), DiI, and Biotin-PE (at molar ratio of 48.9:10:20:20:1:0.1) in chloroform was first dried in a vacuum and was then resuspended in buffer V (20 mM Hepes, pH 7.4, 90 mM KCl) to result in a total lipid concentration of 10 mM. Protein-free large unilamellar liposomes at different sizes (30-, 100-, and 400-nm diameters) were prepared by extrusion through polycarbonate filters (Avanti Polar Lipids).
For the protein-liposome binding experiments shown in Fig. 4 B and C, unilamellar liposomes with the specified diameter were tethered on a surface through biotin-streptavidin coupling (65) . For these experiments, Cpx was labeled at the eighth amino acid residue with Alexa 647 dye. Binding events between the vesicles and Cpx-A647 were monitored in real time at ambient temperature for 3∼10 min right after 1∼20 nM Cpx-A647 was loaded with buffer V containing glucose, trolox, and glucose oxidase.
For the protein-liposome binding experiments shown in Fig. 4 D and E, 5 μM Cpx-A647, Cpx 1-83 -A647, or BSA-A647 were preincubated with 5 μM liposomes in solution at ambient temperature for 30 min. The unilamellar liposomes were prepared as described above, but an equimolar mixture of different sizes (30-, 100-, and 400-nm diameters) was used. Images were acquired after protein-bound liposomes were tethered on surface through biotin-streptavidin coupling. Unbound liposomes were then removed through extensive washing with vesicle-free buffer.
For all protein-liposome binding experiments, labeled proteins were excited with 633-nm laser light and emission intensity was detected in the range 650-790 nm. Labeled liposomes were excited with 562-nm laser light and emission intensity was detected in the range 590-620 nm. Images of both channels were acquired simultaneously using a dichroic beam splitter on an EMCCD camera (Andor 897). A TIRF microscope was used for both single-vesicle and single-molecule experiments with the configuration shown in figure 2 and figure S1 in ref. 65 .
Neuronal Culture Experiments. Neuronal cultures were obtained from mouse cortex as described previously (29) . Briefly, mouse cortices were dissected at postnatal day 0, dissociated by 0.25% trypsin digestion for 12 min at 37°C, plated on poly-L-lysine-coated circular glass coverslips (12-mm diameter), and cultured in MEM (GIBCO) supplemented with 2% (vol/vol) B27 (GIBCO), 0.5% (wt/vol) glucose, 100 mg/L transferrin, 5% (vol/vol) FBS, and 2 mM Ara-C (Sigma). Neurons were infected with lentiviruses at days in vitro (DIV) 4-6 and analyzed at DIV 14-16. All animal procedures were performed in accordance with South-Central University for Nationalities animal use rules and the requisite approvals of animal use committees. Production of lentiviruses. Lentiviral expression vector and three helper plasmids (pRSV-REV, pMDLg/pRRE, and vesicular stomatitis virus G-protein expression vector) were cotransfected into HEK293T cells (ATCC), at 6, 2, 2, and 2 μg of DNA per 25 cm 2 culture area, respectively, using Polyethylenimine (PEI) (66) , and cell-culture supernatants containing the viruses were collected 48 h after transfection and used for infection of neurons. All steps were performed under level II biosafety conditions. Immunocytochemistry and imaging experiments. Mouse cortical neurons infected with various lentiviruses were fixed in 4% paraformaldehyde and permeabilized with 0.2% Triton X-100, incubated with anticomplexin (polyclonal; L669) and anti-vGlut1 [monoclonal; N28/9 (Neuromab)] primary antibodies in PBS with 5% BSA, washed, and stained with polyclonal anticomplexin and monocolonal anti-vGlut1 and visualized using Alexa Fluor-488 goat anti-rabbit and Alexa Fluor-546 goat anti-mouse secondary antibodies (Molecular Probes). Images were acquired by using a Nikon C2 confocal microscope equipped with a 60× oil-immersion objective. Identical settings were applied to all samples in each experiment. We measured the average pixel intensities by manually tracing each dendrite, with a >twofold background signal. We measured the Cpx-specific fluorescence intensity at synaptic locations that had been labeled by vGlut1 (F synapse ) and at locations that were randomly picked elsewhere that are not colocalized with vGlut1 locations (F non_synapse ). We calculated ΔF = F synapse -F non_synapse to determine the subcellular location of Cpx. Electrophysiological recordings. Electrophysiological recordings were performed in whole-cell patch-clamp mode using concentric extracellular stimulation electrodes. Evoked synaptic responses were triggered by a bipolar electrode placed 100-150 mm from the soma of neurons recorded. Patch pipettes were pulled from borosilicate glass capillary tubes (Warner Instruments) using a P97 pipette puller (Sutter). The resistance of pipettes filled with intracellular solution varied between 3 and 5 MOhm. After formation of the whole-cell configuration and equilibration of the intracellular pipette solution, the series resistance was adjusted to 8-10 MOhm. Synaptic currents were monitored with an EPC10 amplifier (HEKA). Single extracellular stimulus pulses (90 μA, 1 ms) were controlled with a Model 2100 Isolated Pulse Stimulator (A-M Systems) for all evoked EPSCs measurements. The whole-cell pipette solution contained 120 mM CsCl, 5 mM NaCl, 1 mM MgCl 2 , 10 mM Hepes, 10 mM EGTA, 0.3 mM Na-GTP, 3 mM Mg-ATP, and 5 mM QX-314 (pH 7.2, adjusted with CsOH). The bath solution contained 140 mM NaCl, 5 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 10 mM Hepes, and 10 mM glucose (pH 7.4, adjusted with NaOH). AMPAR-mediated EPSCs were pharmacologically isolated by adding the NMDA receptor blockers AP-V (50 μM) and the GABAA-receptor blockers picrotoxin (100 μM) to the extracellular solution. NMDA-receptor mediated EPSCs were recorded at a holding potential of +40 mV with 20 μM CNQX, 100 μM picrotoxin, and 15 μM glycine and by raising the MgCl 2 -concentration to 4 mM. Spontaneous mEPSCs were monitored in the presence of tetrodotoxin (TTX; 1 μM) to block action potentials. Miniature events were analyzed in Clampfit 10 (Molecular Devices) using the template matching search and a minimal threshold of 5 pA and each event was visually inspected for inclusion or rejection by an experimenter blind to the recording condition. For the measurement of the synaptic or nonsynaptic localized Cpx fluorescence intensity, we manually chose fluorescent spots signal along the dendrite.
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